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Abstract 

Current Imaging Atmospheric Cherenkov Telescopes for Very High Energy 
7-ray astrophysics are pointing instruments with a Field of View up to a few 
tens of sq deg. We propose to build an array of two non-steerable (drift) 
telescopes. Each of the telescopes would have a camera with a FOV of 
5x60 sq deg oriented along the meridian. About half of the sky drifts through 
this FOV in a year. We have performed a Montecarlo simulation to estimate 
the performance of this instrument. We expect it to survey this half of the 
sky with an integral flux sensitivity of ~0.77% of the steady flux of the 
Crab Nebula in 5 years, an analysis energy threshold of ~150 GeV and an 
angular resolution of ~0.1°. For astronomical objects that transit over the 
telescope for a specihc night, we can achieve an integral sensitivity of 12% 
of the Crab Nebula flux in a night, making it a very powerful tool to trigger 
further observations of variable sources using steerable lACTs or instruments 
at other wavelengths. 
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1. Introduction 


Very High Energy (VHE; >100 GeV) 7 -rays are detected using space- 
based or ground-based detectors. From space Fermz-LAT[l| is performing 
the deepest survey to date of the 7 -ray sky from 20 MeV up to energies in 
excess of 100 GeV, although with limited sensitivity above 10 GeV due to 
its relatively small collection area ( 0.8 m^). 

From the ground Imaging Atmospheric Gherenkov Telescopes (lAGTs), 
such as the MAGIG0, i, H.E.S.S.fl or VERITAsH arrays, detect 7 -rays 
with energies above 50 GeV and have collection areas of more than 10® m^. 
They are pointing instruments with a Field of View (FOV) on the order 
of tens of sq deg. The 12 m diameter Medium-Sized Telescopes in the 
Gherenkov Telescope Array (GTA), currently under design, have a FOV of 
around 60 sq deg. The telescope mirrors have an area on the order of hun¬ 
dreds of square meters. 

On the other hand air-shower instruments such as Milagroj^, Tibet 
and HAWGjsl detect 7 -rays at higher energies (above some hundreds of GeV 
to typically TeV), have a comparable collection area of ~80000 m^, but with a 
much larger FOV of ~5000 sq deg and high duty cycle. They are non-tracking 
instruments. Unfortunately they are not as efficient as lAGTs in eliminating 
the cosmic ray background, so they suffer from a lower sensitivity and they 
have poorer angular or spectral resolutions. 

We propose to build an array of two non-steerable lAGTs with a wide 
FOV of 300 sq deg. We call this array Meridian Atmospheric GHErenkov 
TElescope (MAGHETE). MAGHETE’s FOV is signihcantly larger than that 
of all existing lAGTs, making it into an instrument suitable for surveys. On 
the other hand its sensitivity is as good as that of current lAGT arrays. 
In the next sections we describe the instrument, we evaluate its expected 
performance and we discuss its main physics goals. 


2. Telescope design 

2.1. Basics of the optical design 


Steerable lAGTs with wide FOV of tens of sq deg have been proposed 


111 I 12 I. I 13 I. Il4| . Ultra High Energy cosmic ray detectors using the fluores¬ 


cence technique with a very large FOV on the order of steradians are already 
operational |9| or under design [1^, but their light collection area does not 
exceed a few square meters. 
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A Schmidt telescope is a well-known solution to achieve a large FOV 
with a small focal ratio. The optical components are an easy-to-manufacture 
spherical primary mirror, and an aspherical correcting lens, known as a 
Schmidt corrector plate, located at the center of curvature of the primary 
mirror. The corrector plate reduces optical aberrations and at the same time 
acts as a “stop” which dehnes the aperture of the telescope. The authors 
of have in fact proposed a Schmidt lACT with a 7 m diameter primary 


mirror. Their design is technically challenging though, because the corrector 
plate is as large as 7 m and it is implemented as a thin tesselated Fresnel 
lens. 

Our concept is inspired by a Schmidt telescope, but we have aimed at 
simplifying it so that it is easy and cheap to implement: 


• Like in the original Schmidt telescope, the shape of the primary mirror 
is spherical. The nominal focal length is half of the radius of curvature. 

• Also like a Schmidt telescope, the shape of the focal plane is spherical 
and concentric with the mirror. 

• An lACT is not as stringent as an optical telescope in terms of mirror 
Point Spread Function (PSF). A PSF on the order of 0.05° is good 
enough. We shall remove the corrector plate and achieve an acceptable 
PSF by increasing the focal ratio. 

• However if we eliminate the corrector plate we are not only worsen¬ 
ing the optical performance of the instrument, but also eliminating the 
stop. We must hnd an alternative way to limit the aperture. Compared 
to optical telescopes lACTs are in fact peculiar because each pixel is 
typically implemented as a light concentrator, usually a Winston Cone 
(WC), followed by the actual photodetector. The light concentrator 
serves three purposes: it limits stray light beyond a certain acceptance 
angle and it allows to reduce the dead space and the size of the photode¬ 
tector (and hence its cost). But in a natural way light concentrators 
can also be used to dehne the section of the mirror which is viewed by 
each pixel and effectively the aperture. 

For MACHETE we adopt the following optical parameters. The radius 
of curvature of the mirror is 34 m. We choose an acceptance angle of 20° in 
the light concentrators. The light concentrators at the camera front follow 
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Figure 1: Layout of the optical elements of MACHETE. The dotted line represents 
the optical axis. Both mirror (outer grey arc) and focal plane (inner black arc) are 
concentric. Rays coming parallel to the optical axis and 30° off-axis are represented 
with correspondingly blue and green lines. 


the curvature of the focal plane. The focal plane is at roughly half of the 
radius of curvature (17 m), so each point of the camera views a section of 
the mirror that is circular and has a diameter D=12 m. This means that the 
aperture becomes effectively 12 m and the focal ratio is f/D=1.42. 

Figured] illustrates the concept. We have drawn the optical path of a fan 
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of rays coming parallel to the optical axis and of a fan of rays with a large 30° 
off-axis angle. The central ray of each of the fans goes through the center of 
curvature of the mirror and focal plane. As such it arrives perpendicular to 
both surfaces. The light concentrators limit the extension of the ray fans in 
hgure [1] and the effective diameter of the mirror that collects light for every 
point in the camera. 

We have used Zemax (OpticStudio 14.2) to optimize the optical layout 
of the design. We set the radius of curvature of the mirror to 34 m. We 
have not simulated the light concentrators. Instead we have dehned a 12 m 
diameter circular stop perpendicular to the incident ray fan and centered at 
the center of the curvature of both mirror and focal plane. Both scenarios 
are optically interchangeable if the light concentrators have a ideally sharp 
cutoff. 

The distance from the mirror to the camera front has been optimized 
to obtain the smallest possible spot size. More specihcally we have dehned 
rgo as the radius around the centroid of the light spot that encloses 80% of 
the light and we have minimized rgo on-axis. The resulting distance from 
mirror to camera front is 16.84 m and the radius of curvature of the camera 
is correspondingly 17.16 m. The plate scale is 300 mm/deg. 

Figure [2] shows the fraction of the incident light that is enclosed within a 
certain radius around the spot centroid for two angles respect to the optical 
axis. This fraction has been calculated using Zemax. rgg is 17.5 mm for both 
incident angles, which corresponds to 0.06°. As may be expected there is 
hardly any difference in rgo for any position of the FOV. 

This Zemax simulation does not take into account the effect of the spread 
in the distribution of actual radii of curvature of the facets during the fabri¬ 
cation process or the alignment of the facets during the installation process. 
We will come back to the error introduced by these two effects in section [31 

With a camera as large as in hgure [1] all rays coming parallel to the optical 
axis are blocked if we assume that the system is symmetric. The rest of the 
FOV would also suffer from signihcant shadowing, i.e. the instrument will 
suffer from strong vignetting. We can however restrict our FOV to a strip 
of 5°x60°. Assuming that the focal plane instruments are hat enough and 
ignoring the focal plane support structure, the shadowing is 16% for most of 
the FOV and only signihcantly smaller at the edges of the long arc (at the 
very edge it is about 8%). In this way we can still achieve a large FOV of 
300 sq deg with a very simple optical design. 

In a spherical rehector photons from the same direction but hitting the 
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Figure 2: Fraction of the incident light that is focused inside a given radius around 
the spot centroid as a function of that radius. The curves correspond to light 
incident along the optical axis (blue) and light incident 30° off-axis (green). There 
is hardly any difference between the two curves: rgo is 17.5 mm for both of them. 
The change of slope around 17.5 mm is related to the fact that the camera is not 
located at the nominal focal distance of the spherical mirror. 


reflector at different distances to the optical axis arrive to the focus at differ¬ 
ent times. For this specihc optical setup, the largest time difference is 3.7 ns 
and the RMS of the distribution is about 1.5 ns. This time spread hardly de¬ 
grades the time resolution of the pixel signal reconstruction although it may 
worsen the trigger threshold of the telescope. We will evaluate this effect 
more carefully in section [5l 

2.2. Orientation of the telescope 

lACTs are usually steerable. This allows to observe a source for many 
hours in a night and up to hundreds of hours in a year. However the fact 
that the reflector must be steerable limits the weight of camera and reflector, 
makes motors, drives and other steering and monitoring elements necessary, 
and complicates the alignment of the reflector mirrors. Since our aim is to 
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Figure 3: Conceptual design of one of the two telescopes. The mirror is a rect¬ 
angular section of a spherical mirror, is fixed to the ground and its long axis is 
oriented north to south. The camera has a spherical curvature, is concentric with 
the mirror and has about half of its radius of curvature. Its FOV is a rectangle of 
5°x60°. A human figure has been added as a size reference. 


survey a significant fraction of the sky, there is no need to track sources. We 
can point the telescope to an arbitrary direction and wait for sources to drift 
through the FOV. 

lACTs achieve their best sensitivity and lowest energy threshold at small 
zenith angles (<30°) so it is optimal to observe sources during culmination. 
We propose to place our optical axis vertical and align the FOV with the 
meridian. In this way the telescope will only have access to astronomical ob¬ 
jects in the declination range of ±30° around the geographical latitude where 
it is located and only for about 20 minutes every night as they culminate for 
that specihc geographical longitude. 

We will extend the mirror so that all points in the FOV view a circu¬ 
lar fraction of the total reflector with a diameter of 12 m. For the above- 
mentioned focal length, this corresponds to a total reflective surface of 620 m^. 
From north to south the reflector has a length of about 45 m, from east to 
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west it has a width of about 14 m. The physical size of the focal plane is 
about 27 m^. It has a width of 1.5 m and a length (along the arc) of 18 m. 
Figure [3] is a conceptual view of such an I ACT. 

The reflector shall be tesselated. Each of the facets would have a spherical 
shape with the same radius of curvature as the global shape of the reflector 
and would be arranged following the shape of the global sphere. 

lACTs are actually not focused to inhnity but to the average position of 
the atmospheric shower which is generated by the y-ray for the energy of 
interest. Typically this position is about 10 km away from the telescopes. 
This makes an additional shift of 3 cm of the focal plane in the direction 
of the mirror necessary (along with some adjustment of the mirror facets if 
the reflector is not spherical). This distance depends on zenith angle. For 
a steerable lACT one needs to shift the whole camera for a distance which 
depends on the zenith angle of the observation. In our optical setup however 
each point of the FOV (each pixel) corresponds to only one zenith angle, so 
one may shift each individual pixel to a hxed optimal position with no need 
for dynamic adjustment. 

In order to beneht from stereoscopic reconstruction of atmospheric show¬ 
ers we need to work with at least two telescopes. We propose to build two 
identical telescopes with the above-described optical design and orientation 
at a distance of ~100 m in the east-west direction. This is a compromise 
between optimal stereo reconstruction and rate of events, but it has not been 
optimized for our setup. We have selected a value comparable to telescopes 
of similar threshold like VERITAS or H.E.S.S. 

3. Focal plane instrumentation and readout 

Designing the focal plane instrumentation and readout system of MA¬ 
CHETE goes beyond the scope of this paper. We will only dehne a few 
parameters that are essential to determine the performance of the instru¬ 
ment. In general we assume that the performance of these hardware com¬ 
ponents is similar to those in the MAGIC array. The final design would be 
cost-optimized. 

In lACTs it is usual to define the radius of the pixels so that they enclose 
about 80% of the light. For the optics described in the previous section 80% 
of the light is contained in a circle of radius r8o= 0.06°. We will assume that 
the reflector is tesselated with mirror facets of around 1 m^. The precision in 
producing and aligning the facets will, conservatively, increase rgo to 0.08°. 


In order to cover a FOV of 5°x60° with pixels of a diameter 0.16° we need 
about 15000 pixels in each telescope. 

Progress in photodetectors has been signihcant during the last years. For 
instance the photomultipliers (PMTs) that will be installed in the proto¬ 
type Large-Sized Telescope (LST) of CTA have a peak Quantum Efficiency 
(QE) of ~42%[l^ to be compared with a peak QE of the MAGIC PMTs 
of ~32%j^. On the other hand Silicon PMs (SiPMs) reach Photodetection 
Efficiencies (PDE) in excess of 45% (l^. 

SiPMs have drawbacks when operating in lACTs: they have low detection 
efficiency at near UV, high dark count rate and optical crosstalk, too high 
sensitivity at long wavelengths where Night Sky Background (NSB) domi¬ 
nates, and are not currently available for a pixel size in excess of ~20 mm. 
However coupling several small SiPMs into a large detector is possible and 
the detector noise hardly ever dominates over NSB. Furthermore progress in 
the held of SiPM is quick and FACTj^ has already proved that SiPM can 
be used in lACTs. Advantages of SiPM are their high PDE, no ageing effects 
(after 3 years of operation none of the SiPMs in FACT has failed or shown 
any indication of ageing), excellent uniformity and, relevant for MACHETE, 
the fact that they can be used under the brightest Moonlight. 

We will not select a specihc type of photosensor though. We will just 
assume that the photodetectors of MACHETE have a PDE 1.5 times larger 
than the PMTs in operation in MAGIC but the same performance in terms 
of noise, spectral dependence of QE and time response. 

In what follows we will assume that the rest of the electronic readout 
chain has the same features and performance as MAGIC. Let us anyway 
discuss some possible technical solutions. 

The angular extension of a typical y-ray image is <2°. This is much 
smaller than the total FOV, so it makes sense to trigger and read out only 
a limited part of the camera. The readout’s Region of Interest (Rol) may 
be as small as 500 pixels around the shower image. The readout should 
be designed to exploit this fact, hence to consider only channels in the Rol 
beyond a certain processing stage. 

A local trigger will be based on a time coincidence of a few pixels in a com¬ 
pact cluster in one of the two telescopes. A stereo trigger will require a time 
coincidence of a local trigger in the two telescopes. A possible solution}^ 
may be to split the camera in 10-20 “sub-cameras”, to digitize only channels 
in sub-cameras where a local trigger has been generated and to store the 
digital data only if a stereo trigger arrives within a certain time interval. 
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However this requires to equip every pixel with a digitizer. A more spec¬ 
ulative solution could be to use the local trigger to activate a fast “electronic 
switch” which may forward only signals in the Rol to 500 digitizers (see 19 
for a similar solution using an optical switch). This would represent a sig- 
nihcant cost reduction for readout and data storage, but may be technically 
challenging, for instance due to an increase of deadtime. 


4. Some words on the cost of MACHETE 

MACHETE has features that make the operation and construction easier 
and less expensive than those of a steerable lACT. Let us go through some 
of them. 

To begin with, camera and reflector do not move. This has numerous 
advantages: 


• The alignment of the mirror facets is simplihed. Considering that the 
reflector does not move and that it can be shielded from the wind, once 
the facets are aligned they are probably stable for years. There is no 
need for an active mirror adjustment as implemented in MAGIC. We 
may also consider aligning the facets using screws (as it is already done 
in VERITAS) and not mechanical actuators as it is done in many of 
the lACTs. We also require a much less demanding system to monitor 
the optical PSF and telescope pointing. 


In steerable lACTs the weight of mirrors and focal plane instrumenta¬ 
tion must be strongly limited to reduce the demands on the steering 
system and to reduce deformations of the mechanical structure. In 
our design these limits can be relaxed. The cost of the mirrors can 


be correspondingly reduced, maybe to as much as 1000 EUR/m^ jl8 


The camera may get heavier as well and may be afford more efficient 
cooling systems, which maybe necessary in case we used SiPMs. 


• Mechanics are more simple. There is no need for azimuth or zenith 
steering: no motors, gears etc. In turn the peak power consumption 
demands of the telescope, which are typically dominated by fast repo¬ 
sitioning, are much lower. 


• Steerable lACTs are parked looking away from the Sun during the day 
or whenever they are not operating, so that the plane of the reflector is 
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essentially vertical. This makes them especially sensitive to the wind 
and imposes extra requirements to mechanical supports and founda¬ 
tions. In our instrument the reflector points vertical and it can be 
shielded from the wind by walls. 

Secondly, even if a camera is equipped with 15000 pixels, we only need 
to store data for a Rol of about 500 pixels around the shower image (see 
section E}. The cost reduction factor depends on the actual technical solu¬ 
tion implemented. It must be noted that the cost of the readout may be 
much lower than the cost of the photodetector with a digitizing chip such as 

TARGET5H- 

Finally it is worth to mention that all mirror facets have exactly the same 
curvature in this optical design. This facilitates production, installation and 
alignment. 

On the negative side lACTs are not protected with domes, because the 
size of the reflectors makes them prohibitely expensive, but conventional 
lACTs can be moved away from the Sun during the day. This is not the 
case for MACHETE. The reflector (or a large fraction of it) must be covered 
during the day. A simple low-weight roof following the shape of the mirror 
should however suffice. 

More relevant is the cost of the telescope cameras. Each of them needs 
to be equipped with 15000 photodetectors. As of today lACT cameras are 
equipped with photomultipliers and the resulting cost would by far dominate 
over the cost of the rest of the instrument. 

Using SiPMs as photodetectors will foreseeably bring the cost down in 
the near future, maybe to as low as 1 US$/mm^. As mentioned above each 
pixel must be equipped with a WC to effectively limit the mirror diameter. 
Each WC has a hexagonal entrance window of 45 mm side to side and a 
circular exit window of around 15 mm diameter. This means that only one 
ninth of the focal plane total area must be instrumented with photodetectors. 
Even so the total cost of the photodetectors for one telescope would be on 
the order of 2.5 million US$. 

5. Expected 7 -ray detection performance 

5.1. Setup of the Montecarlo simulation 

We have performed a Monte Carlo simulation of the MACHETE sys¬ 
tem to evaluate its performance. The performance of MACHETE anywhere 
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within its FOV should be the same except for camera edge effects, therefore 
a simulation of a square section of the MACHETE cameras, with the corre¬ 
sponding part of the mirror dish, is enough to assess the performance of the 
system as a whole. We have simulated a system of two such telescopes, at a 
distance of 85 m0. We have opted for such a simplihed simulation, which can 
be carried out with the same tools employed in the simulation of conventional 
lACTs. 

For the simulation of atmospheric showers we use the CORSIKA (COsmic 
Ray Simulations for KAscade) 6.019 program j^. The model to describe 
hadronic interactions is FLUKA, together with the QGS Jet-II model for high- 
energy interactions. Electromagnetic interactions are simulated using the 
EGS4 model. The detector simulation (optical system and electronics) and 
the analysis of the simulated events have been carried out using the official 
software of the MAGIC collaboration j^, 26|. The simulated telescopes 

were placed at the MAGIC site, i.e. at an elevation of 2200 m above sea 
level. 

The simulated primaries are: 


• Gamma rays: They are simulated with a power-law differential 

energy spectrum with index -2.0 in the range from 10 GeV to 30 TeV. 
Gamma rays are simulated as coming from a point-like source, and 
with impact parameters up to 300 m from the center of the array. The 
incident directions span the range up to 35° in zenith distance. A total 
of 5 X 10® gamma rays were simulated. 


• Protons: They are simulated with a power-law energy spectrum 
with index -2.0, between 70 GeV and 30 TeV. The maximum impact 
parameter with respect to the center of the array is 500 m. The point¬ 
ing directions also span the range up to 35° in zenith distance. We 
simulated 1.3 x 10® proton showers, each of which was processed 20 
times through the detector simulation using different, random tele¬ 
scope pointing directions within a 5-degree semi-aperture cone around 
the proton direction, to simulate an isotropic flux. Since the probability 


Actually we have used as relative telescope positions those of the MAGIC telescopes, 
i.e. along a line roughly in the NW - SE direction. A more realistic configuration would 
have the two telescopes placed on a line along the E-W direction, but given that the 
zenith angle range covered by MACHETE is 0-30°, no significant effect on performance is 
expected. 


12 





of any given proton to survive the trigger and the whole of the analysis 
chain is very small, this recycling of events does not result in strong 
correlations among the events in the hnal sample. About 8.7 x 10® 
proton events passed the trigger. 

No electron primaries were simulated: in order to calculate their contribu¬ 
tion to the isotropic background, the response of MACHETE to cosmic ray 
electrons is assumed to be roughly the same as for gamma rays. The contri¬ 
bution from showers initiated by nuclei heavier than protons, after all cuts, 
is estimated roughly as a 20% of that from protons, which is added to the 
estimated proton rates in the sensitivity calculations below. 

The background light of the night sky is simulated at the level found in 
typical extragalactic helds observed from the MAGIC site. 

Once atmospheric showers have been simulated and the information of 
the Cherenkov photons reaching the observation level is recorded, we sim¬ 
ulate the response of the reflector dishes. This part of the simulation and 
the one described in next section use the software developed by the MAGIC 
collaboration to simulate the telescope response. The simulated 12-m diam¬ 
eter mirror dishes are tessellated in squared panels of 1 mxl m. Each panel 
has a spherical surface with focal distance 1700 cm. Mirror imperfections 
and tolerances in mirror alignment similar to those of MAGIC are simulated, 
resulting in a worsening of the ideal PSF of the whole dish from 0.06° to 
0.08°(r8o). The camera is located at the distance providing the optimal PSF 
for focusing light emitted 10 km above the telescopes. 

The reflector program simulates the attenuation of Cherenkov light in 
the atmosphere and calculates the position and arrival time of the photons 
in the camera plane. The program allows to point the telescopes in slightly 
different directions with respect to the shower axes, so that we can evaluate 
the off-axis performance. For gamma rays, discrete off-axis angles of 0.4°, 
1.0°, 1.5° and 2.0° have been simulated . 

The simulated camera is a square with a size of 4° x 4°, hence narrower 
than the smaller of the MACHETE camera sides (5°), but sufficient to eval¬ 
uate the response of the full MACHETE, both for sources well contained in 
the FOV (we expect a flat response near the center) and for sources close to 
or beyond the camera edges. Note that the MACHETE optical performance 
is similar over the whole FOV. Additionally, on a small section of the camera 
like the simulated one, the curvature of the focal plane can be (and has been) 
neglected. 
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For the full 5° x 60° MACHETE cameras, the performance is extrapolated 
from that of the simplihed simulation, taking care to account for the expected 
differences in edge effects (which would affect a signihcantly smaller fraction 
of events in the full MACHETE cameras). The simulated camera is composed 
of 739 circular photodetectors attached to WCs, on a hexagonal pattern of 
pixels of 0.16° size (flat-to-flat). WCs with a hexagonal entrance window do 
not have a well-dehned cutoff angle, so the light concentrator will need to be 
further optimized in the real detector. In the simulation we have assumed 
an average light transmission efficiency of 90%, with no angular cutoff. 

The camera program simulates the response of the photodetectors, the 
trigger system and the readout electronics. For the photodetectors we have 
scaled up their QE [MACHETE photodetectors] = 1.5-QE [MAGIC PMTs], 
but we have maintained the same wavelength dependence. 

The system is triggered if there are 3 pixels in close-compact configuration 
(each of them next to the other two) above a discriminator threshold of 5.7 
phe in a time shorter than 5.5 ns. Since we are using a higher QE and larger 
pixel sizes than in MAGIC, we had to increase the discriminator threshold 
with respect to that used by MAGIC to avoid too many triggers due to the 
NSB level. The single-telescope trigger rate was set to 16 kHz (dominated 
by NSB triggers) for the simulated camera of 4° x 4°, which is similar to the 
current LI rate of MAGIC. This would result in a much larger single-telescope 
accidental rate (by a factor ~20) for the whole FOV of MACHETE. However 
the data acquisition would be triggered only by events firing both MACHETE 
telescopes (“stereo trigger”). Assuming a simple time coincidence stereo 
trigger with a coincidence window of 200 ns, the expected accidental rate for 
the whole FOV of MACHETE is 900 Hz. In fact the stereo rate is dominated 
by cosmic ray triggers, which produce a rate as high as 9 kHz according to 
the simulation. Whether this may result in a significant dead time fraction, 
depends on the details of the trigger and readout implementation, and is 
beyond the scope of this work. We note that the LSTs in the CTA array are 
designed to handle a stereo trigger rate as high as 10 kHz with four times 
more channels (l^. Selecting channels in the Rol after digitization would also 
alleviate the dead time. 

In any case the increase of discriminator threshold, together with the 
mirror reduction with respect to that of MAGIC (17 m) will translate to an 
increase in the energy threshold of the system. Once the system is triggered, 
the PMT information needs to be recorded. The readout used to digitize 
and record the information of the photodetectors is the same as that which 
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is in use in the current MAGIC system, the Domino Ring Sampler version 4 
(DRS4). 

We have run the standard MAGIC analysis program over the simulated 
sample to obtain the sensitivity, angular and spectral resolutions of the in¬ 
strument. The analysis combines the information of the two telescopes at 
the level of image parameters (i.e. the so-called Hillas parameters) to obtain 
a stereoscopic reconstruction of the shower axis - direction, impact point and 
height of the shower maximum {Hmax)- Gamma-hadron separation makes 
use of the multi-variate event classihcation method known as Random For¬ 
est, trained on an statistically independent sample of MG gamma rays and 
protons, and fed both with image parameters and stereoscopic parameters. 
Energy reconstruction relies on Look-up tables which correlate the Cherenkov 
light yield with the primary gamma-ray energy as a function of various quan¬ 
tities, mainly the impact parameter, the zenith distance and Hmax- For more 
details on the analysis see e.g. j^. 

The gamma/hadron separation cuts, as well as the angular cut around 
the nominal gamma-ray direction, have been optimized in order to maximize 
the MACHETE sensitivity to point-like sources in each of the energy bins. 

The MG proton numbers have been converted into rates assuming the 
BESS measured spectrum j^, then scaled up by 20% to account for the 
non-simulated heavier nuclei. For the all-electron spectrum we have used 
a parametrization of the Fermz-LAT measurements between 70 GeV and 1 

TeVis . 


5.2. Results of the Montecarlo simulation 

After analysis cuts the energy distribution of the simulated gamma rays 
peaks around 150 GeV for a simulated power-law with photon index r=2.6. 

We dehne the energy bias of the system, at a given true energy, as Ebias = 
{{Best — Etrue)/Etrue) while the energy resolution is dehned as the a of the 
gaussian htted around the peak of the {Eest — Etrue)/Etrue distribution. We 
evaluate both parameters using the test sample of MG gamma rays and 
compare it to that currently achieved by the MAGIC telescope in hgure 01 
The energy resolution is similar for MAGIC and MACHETE, generally better 
than 20%, and reaching 15% above 1 TeV. 

Let us consider the 2-dimensional distribution of reconstructed arrival 
directions. We dehne the angular resolution as the angle that encloses 68% 
of the events. Figure [5] shows how it depends on energy for MG gamma rays 
and for MAGIC real data. 
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Figure 4: Energy resolution and bias in the energy determination of MAGIC and MA¬ 
CHETE as a function of 7 -ray true energy. 



Figure 5: Angular resolution of MAGIC and MACHETE, defined as the angle that encloses 
68 % of the events, as a function of 7 -ray estimated energy. The source is located 1.6° from 
the edge of the camera. 
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Figure 6: Differential sensitivity of MACHETE for a 50 h observation, zenith distance 
< 30°, and a source located at different angular distances to the edge of the camera. 
We have used five bins per decade of energy. The sensitivity of MAGIC for the same 
observation time and zenith angle range is added for comparison (from i). 


The fact that the telescopes are hxed to the ground may result in a 
reduction of the source position accuracy, which is typically limited by the 
accuracy and time stability of the steering and pointing correction systems, 
but it is difficult to evaluate the pointing systematics of MACHETE without 
a more detailed technical design. 


The sensitivity has been calculated using formula 17 of Li and Ma[29 


which is the standard method in VHE y-ray astronomy for the calculation of 
the significance, for 5a in 50 h of effective observation time. The additional 
conditions number of excess events Nexcess > 10, and Nexcess > 0.05x the 
average number of background events are required, to ensure respectively 
a minimum gamma-ray statistics and an excess which is safely above the 
possible systematic uncertainties in the estimation of the background. 

Figure [H] shows the sensitivity of MACHETE averaged on its accessible 
zenith angle range (< 30°), a conventional 50 h observation and a source 
located at four different angular distances to the camera edge. If the source 
is well inside the camera (i.e. >1.0° from the edge) the sensitivity is within 
30% of that at the center of its FOV. 
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However, the operation of MACHETE would be different to that of ex¬ 
isting lACTs. Similar to Milagro or HAWC, MACHETE is not a pointing 
instrument; sources in the accessible range of declinations simply transit 
through the MACHETE FOV every day. Since lACT observations are only 
possible at night, only the night side of the sky is observable at a given time 
of the year. 

If MACHETE were located at the equator it could observe sources in the 
declination range from -30° to -|-30°. This corresponds to 50% of the sky. We 
will assume however that MACHETE is located at a geographical latitude 
of 30°, similar to the absolute latitude of all the existing lACTs. At this 
latitude the instrument can observe sources in the declination range from 0° 
to +60° (43% of the sky). 

The annual effective observation time of an lACT system like MAGIC 
during moonless nights is of around 1000 hours (after technical and bad 
weather losses). Using SiPMs may allow to take 1000 additional hours during 
Moon time (and in fact MAGIC, equipped with classical PMT cameras, 
already records 300 hours of Moon data every year). However sensitivity 
and threshold degrade for Moon observations, hence in what follows we will 
conservatively stick to 1000 hours of MACHETE dark observations every 
year. The total transit time of a source is 14 hours at 0° declination, 16 
hours at 30° declination and 28 hours at 60° declination per year. 

As the source transits through the FOV of MACHETE, the sensitivity 
changes. The sensitivity for a full transit, or for a whole year of observations, 
can be obtained by integrating the total gamma-ray and background statis¬ 
tics, taking into account the change of acceptance as a function of position 
of the source in the FOV. For this goal we have considered only the time a 
given source actually spends within the optical FOV of MACHETE. Figure 
[7] shows the MACHETE sensitivity calculated in this way for a source at an 
intermediate declination of 30° after 1 and 5 years of operation. The sensi¬ 
tivity is compared to that of HAWCj4ol| and that of MAGIC for a dedicated 
50-hour observation. The same dehnition of sensitivity was used. The best 
integral sensitivity of MACHETE is reached at 500 GeV and it is 0.77% of 
the Grab flux at 30° declination after 5 years of operation. 

The sensitivity of MAGHETE is signihcantly better than the sensitivity 
of HAWG for the same observation time and energies below 5 TeV. It must 
be stressed that HAWG has recently come online whilst MAGHETE whilst 
it may take more than Eve years to build MAGHETE, but even one year of 
MAGHETE has better sensitivity than 5 years of HAWG below 2 TeV. In 
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Figure 7: Differential sensitivity of MACHETE for a source at 30° declination after 1 and 
5 years of operation. It is compared to the sensitivity of HAWC for the same operation 
time and with the sensitivity of MAGIC for a dedicated 50-hour observation. 

addition, the angular and spectral resolution would be significantly better 
than those of HAWC. 

The sensitivity of MACHETE can also be compared to the sensitivity of 
the planned extragalactic scan of CTAjiH. For the full CTA-South array, 
without divergent pointing, and an observation of half of the sky for 1000 
hours, the expected integral sensitivity of the survey is ~0.6% of the Crab 
flux above 125 GeV. MACHETE achieves a similar sensitivity in 5 years of 
operation at a slightly higher energy but for the same fraction of the sky. 

MACHETE would achieve an integral sensitivity of ~12% of the Crab flux 
in a single night for all sources in the fraction of the sky that is observable in 
that specific night. The sensitivity depends on the declination of the source: 
it will be about 20% worse for a source at 0° declination and 20% better 
for a source at 60° declination on account of the different observation times. 
The fraction of the sky covered during one night ranges from around 15% in 
Summer to around 20% in Winter assuming a New Moon night. 

In what regards transients MACHETE, HAWC and conventional lACTs 
have different, sometimes complementary, features: 
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• In terms of angular resolution MACHETE is similar to conventional 
lACT and significantly better than HAWC. This is relevant to localize 
previously unknown transients. 

• For the same observation time (i.e. in terms of “instantaneous sen¬ 
sitivity”) MACHETE is signihcantly more sensitive than HAWC and 
roughly as sensititive as current lACTs. It will be however signihcantly 
less sensitive than CTA. 

• The FOV of HAWC is around 5000 sq deg, i.e. roughly 20 times larger 
than the FOV of MACHETE, which is in turn about 10 times larger 
than the FOV of a conventional lACT. 

• MACHETE cannot track a source and its daily exposure is restricted to 
around 20 minutes, while a source remains inside the FOV of HAWC for 
several hours and can remain inside the FOV of a conventional lACT 
even longer. 

6 . Physics goals 

Surveys covering most of the northern sky have been carried out by the 
Milagro and Tibet air shower arrays down to an average sensitivity of 60% 
of the Crab hux above 1 TeV. HAWC has just started operation with its full 
array of water tanks and will probably reach an integral sensitivity of 100% 
of the Crab hux in a day and 3% of the Crab hux in hve years above 1 TeV 
for much of the northern sky. 

Limited surveys of the galactic plane have been performed by lACTs like 
HEGRA, H.E.S.S. and VERITAS. The survey of the inner galaxy carried 
out by H.E.S.S.led to the detection of tens of sources, many of which 
were unexpected. Some of them have no obvious counterparts at other wave¬ 
lengths. A galactic and an extragalactic survey will probably be performed 
during the hrst years of operation of CTA(3 iI|. 

At MeV-GeV energies the Eermi-LAT catalogs have uncovered several 
classes of sources, some of which were unexpected before. About one third 
of the sources remain unidentihed. 

All in all however most of the extragalactic sky remains unexplored at 
energies above 100 GeV. MAGHETE would allow to survey almost half of the 
sky with a sensitivity of ~0.77% of the Grab flux in hve years of continuous 
operation. New Active Galactic Nuclei (AGN) will foreseably be discovered. 
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Estimates for the number of actual objects that MACHETE could discover 
in Eve years differ from a handful (based on j^) to several tens (based on 

3 )- 

Typically AGNs are observed by lACTs only during bright states in op¬ 
tical, X-rays or VHE. Instead MACHETE would produce light curves for 
known and unknown AGNs which are not biased by the state of the source. 
This allows to make correlations with other wavelengths and searches for pe¬ 
riodicity and delays in VHE emission depending on energy. Fermi-LAT has 
recently found the first hint for a regular cyclic behavior in a 7 -ray emitting 
blazar (with a timescale of about 2 years, 3 the first clear 7 -ray mea¬ 
surement of a delay between flares from the gravitationally lensed images of 
a blazar. This was possible because Ferm«-LAT makes regular scans of the 
sky. Both objects have been detected at VHE 13 and they are bright enough 
to be detected by MACHETE. 

Similar unbiased light curves can be produced for galactic sources. Good 
examples are the gamma ray binaries LSI -|-61 303 or LS 5039, which exhibit 
a wealth of periodic and sporadic variability. Such light curves could be used 
to dehne data sets with potential signal in neutrinos or even gravitational 
wave experiments. 

MACHETE could prove essential to monitor variable VHE sources for 
flares and provide triggers to instruments at VHE and other wavelengths. 
The recent detection of a flare with a doubling time faster than 4.8 min in 
the radio galaxy IC 310 3^ illustrates how little we know about the temporal 
behaviour of these VHE sources: it was discovered serendipitiously and did 
not repeat in the following nights or months. The results of an online analysis 
of the data of MACHETE can be available in a matter of a few minutes, 
allowing steerable lACTs like those in CTA to repoint and observe the source. 
Current lACTs strongly beneht from alerts released by Fermz-LAT, but this 
detector will probably not be available by the time CTA starts to take data. 

It is worth to mention again that a camera equipped with SiPMs can 
be used during moonlight. That would allow to double the total observa¬ 
tion time in a year and, most importantly, to double the duty cycle of the 
instrument. Moon data, even with degraded performance, would be highly 
valuable for monitoring purposes. 

As mentioned above other surveys have detected a signihcant amount 
of sources that do not have a clear counterpart at other wavelengths. The 
survey may identify VHE sources other than the already known classes of 
VHE-emitting AGNs. This may include other active galaxies and other ex- 
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tragalactic or galactic objects in general. Some of them rnay not emit or emit 
only weakly at longer wavelengths (“dark sources”, see 3l| ). 


Among other dark sources MACHETE may be able to spot y-rays pro¬ 
duced by annihilation of dark matter in clumps or sub-haloes js^, 38|. In 
general the data collected in the survey may allow to stack the signal pro¬ 
duced in a variety of dark matter 7 -ray-emitting candidates such as dwarf 
spheroidals or clusters of galaxies. 

Characterization of very extended regions of VHE emission (>1 sq deg) 
such as the spiral arms of our galaxy or the Fermi bubblesin the sourthern 
sky, or searches for anisotropy of cosmic rays, are probably at the limit of 
the sensitivity of a hve year survey with MACHETE. 

Chances to observe a GRB during its prompt emission (and for minutes 
before and after) are low, although not negligible. The FOV of MACHETE 
represents 0.7% of the sky and the duty cycle of the instrument is 10%. 
Assuming a rate of 1 GRB/day, a GRB would fall in the FOV of MAGHETE 
in average once every four years. However only a small fraction of the GRBs 
would have emission above the energy threshold. 

Some of these physics goals are tied to the location of the instrument. 
Galactic sources are more numerous in the sourthern sky, so a survey would 
detect more sources in the south and light sources of more sources could 
be produced. Yet, MAGHETE may add little to the survey that GTA will 
most probably complete in its years of operation. Triggers from extragalactic 
transients will be as frequent in both hemispheres. In general it is probably 
a good idea to locate MAGHETE at the same location of any of the GTA ar¬ 
rays, so that weather conditions allow to follow as many MAGHETE triggers 
as possible with GTA. 

For the same cost one may consider to reduce the size of the telescopes and 
build three or four of them. This would improve the sensitivity of MAGHETE 
at the cost of a higher threshold energy. However many of the goals of this 
instrument he in the held of extragalactic physics where energy threshold is 
essential. A more detailed technical design and a careful cost/beneht analysis 
would be necessary before settling this question because it is not obvious how 
the performance scales with the cost of the instrument. 


7. Conclusions 

We have described an array of two transit lAGTs with a very large FOV of 
5x60 sq deg aligned with the meridian. If located at a geographical latitude 
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of 30° it would survey 43% of the sky (18000 sq.deg) along the year. 

Each telescope has a mirror with a spherical shape of 34 m radius of 
curvature and a concentric spherical camera. Light concentrators are used to 
limit the FOV of each pixel, so that the effective mirror diameter is 12 m and 
the corresponding f/D is 1.42. This optical setup would result in an optical 
PSF of 0.06° for an ideal mirror. 

The optical and mechanical design of the lACTs is very simple, hence 
enabling to reduce the cost signihcantly compared to conventional steerable 
telescopes. Its cost is in fact limited by the cost of the cameras, each of which 
should be equipped with about 15000 photodetectors. 

We have made a full Montecarlo simulation of the instrument using a re¬ 
alistic performance for mirror, photodetectors and readout (based on the real 
performance of these elements in MAGIC). The instrnment has an analysis 
energy threshold of 150 GeV. Even with a smaller mirror the sensitivity of 
MACHETE for a 50 honr observation is similar to that of MAGIC, althongh 
it is worth to mention that the QE of the photosensors is signihcantly higher. 

MACHETE however can only observe a source for about 15 hours in a 
year althongh for all sonrces in 43% of the sky. For that fraction of the sky 
MACHETE reaches an integral sensitivity of ~0.77% of the Crab hnx after 
hve years of continuous operation. For sonrces observable in a single night it 
reaches a sensitivity of ~12% of the Crab hnx. The sensitivity is somewhat 
dependent on the declination dne to the diherent transit speeds. Angnlar 
and spectral resolntion are comparable to those of current lACT arrays. 

This combination of wide FOV and sensitivity is nnprecedented at ener¬ 
gies of a few hnndreds of GeV. It may be essential to alert pointing instrn- 
ments about sources haring at VHE in a good fraction of the observable sky, 
make surveys of the VHE extragalactic sky and gather nnbiased light curves 
of variable VHE sources. 
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